Neonatal gonocytes are the precursors of both spermatogonial stem cells and spermatogonia; thus, any persistant DNA damage in these cells may lead to heritable mutations. We investigated the response of male mouse neonatal germ cells to ionizing radiation. Both gonocytes and spermatogonia died in large numbers by apoptosis. However, we found that the gonocytes were significantly more sensitive than spermatogonia and somatic cells to radiation-induced double-strand breaks (DSBs), as assayed by the number of gamma-H2AFX foci. In contrast, gonocytes irradiated in G2 phase seemed to repair DSBs faster than spermatogonia. Moreover, when irradiated in S phase, gonocytes arrested their cell cycle at the G1/S phase transition, whereas spermatogonia were mostly blocked in G2/ M phase. Despite these differences, both cell types expressed high levels of proteins involved in DSB signaling and repair. Within the first hours after irradiation, the expression of Atr, Mre11a, H2afx, Xrcc6, and Xrcc4 was downregulated in neonatal spermatogonia, whereas, in gonocytes, most gene expression was unaffected. Together, these results suggest that the response of neonatal testis to genotoxic stress is regulated by different mechanisms according to the cell type and the differentiation status.
INTRODUCTION
Germ cells are a particular cell type within the testis. They maintain a balance between stringent protection of germ line integrity for successful reproduction and a certain tolerance of mutagenesis to support genetic diversity and adaptation [1] . Establishment of the male mouse germ line starts in the fetus, where primordial germ cells differentiate into gonocytes. They proliferate until about 15.5 days postconception, when they undergo a period of quiescence; after birth, they start to proliferate again, and also to differentiate into type A and stem spermatogonia [2] . It is generally accepted that differentiation of gonocytes into spermatogonia involves migration from their original central position within the seminiferous tubules toward the periphery around 2-4 days postpartum (dpp) [3] . This process is rather synchronous, and meiosis first starts around 7-10 dpp according to mouse strain [4] [5] [6] . Spermatogonia constitute a heterogeneous population containing type A, intermediate, type B spermatogonia, and spermatogonial stem cells [3, 7, 8] . We hypothesize that altering the genomic integrity of gonocytes might affect the establishment of stem cells, and thus also affect adult spermatogenesis. If this hypothesis is correct, gonocyte homeostasis must be highly regulated to ensure the formation of normal stem cells. Gonocytes must, therefore, have stringent mechanisms to respond to DNA damage that can either lead to high-fidelity DNA damage repair or high sensitivity to cell death [9] , or both.
Exposure of cells to ionizing radiation (IR) can lead to DNA damage, among which DNA double-strand breaks (DSBs), are thought to be the most toxic form. Cells with DSBs may die by apoptosis if the damage is severe, or they may repair their DNA. Inaccurate repair, however, can result in large-scale chromosome changes, including deletions, translocations, and chromosome fusions, which enhance genome instability and are hallmarks of cancer cells. In the case of germ cells, cell death can lead to hypofertility or sterility. By contrast, misrepair may cause predisposition to cancer in the progeny if the genetic mutations are inherited.
Many studies have documented the effects of X-or cirradiation on fetal, prepubertal and adult rodent testis [10] [11] [12] [13] . The radiosensitivity of fetal gonocytes is maximal during their quiescent period [10, 13] . A few studies in the rat showed that the radiosensitivity of the postnatal testis decreases as gonocytes resume mitosis [14, 15] . Interestingly, the mutation frequency estimated in the progeny of male mice whose testes were irradiated increased from relatively low levels in mice irradiated at birth to values as high as those of irradiated adult mice in mice irradiated 6-8 dpp [16] . The author of that study suggested that either death by apoptosis or a high DNA repair capacity in damaged germ cells could explain these finding. Little is known about the DNA repair capability of mitotic germ cells [17] , however, and even less is known about its regulation after DNA damage [18, 19] .
In somatic cells, the cellular mechanisms that recognize DSBs are still unclear [20] , but they involve the rapid and transient recruitment of protein complexes to the site of the DSB [21] . Subsequently, three related protein kinases, ATM, PRKDC (also known as DNAPK), and ATR [22] [23] [24] , are also recruited and activated. These three kinases phosphorylate the histone H2A variant, H2AFX, in a region of several megabases surrounding the DSB. The phosphorylated form, c-H2AFX, can be detected as foci on the chromatin by immunofluores-cence microscopy with c-H2AFX-specific antibodies. It is supposed that one c-H2AFX focus corresponds to one DSB [25] . c-H2AFX enables and/or facilitates recruitment to the site of the DSB of many DNA damage response proteins involved in cell cycle checkpoint control, DNA repair, and apoptosis [26, 27] . After treatment with IR, cells arrest cell cycle progress at four distinct checkpoints: one at the G1 phase-to-S phase (G1/S) transition, one within S phase (intra-S), and two during G2 phase [28] . Activation of these checkpoints allows DSB repair, which is achieved through two distinct DNA repair pathways: nonhomologous DNA end joining (NHEJ) and homologous recombination (HR). NHEJ involves protein complexes that, together, coordinate rejoining of broken DNA ends [29] . In contrast to NHEJ, the HR pathway is slower, and requires the presence of an intact homologous DNA strand to allow error-free repair (for a review see [30] ). Apoptosis is the major mechanism by which cells die after injury by IR. Apoptosis is characterized by activation of a family of proteases called caspases. Among these, the initiator caspases 8 and 9, which are activated through distinct pathways, activate caspase 3, which triggers cell dismantling (for a review see [31] ).
We characterized the in vivo response of mitotic germ cells to genotoxic stress by ionizing radiation, and found that neonatal gonocytes were more sensitive to radiation than spermatogonia in terms of the number of DSBs induced. The goal of this study was to investigate whether these differences were due to differences in cell cycle progression or regulation of selected genes involved in DNA damage signaling and DSB repair in the two cell types. We found that, when irradiated in S phase, gonocytes arrest in G1, whereas spermatogonia arrest in G2/M phase. In addition, after irradiation in G2 phase, gonocytes seemed to repair DSBs faster than spermatogonia. Both gonocytes and spermatogonia express high levels of DNA damage response proteins, including DNA repair proteins, despite their high rates of death in response to IR. Our findings suggest that preservation of genome integrity after genotoxic stress is tightly regulated in mitotic germ cells, particularly in gonocytes, which are the precursors of spermatogonial stem cells.
MATERIALS AND METHODS

Mice, Irradiation, and Bromodeoxyuridine Injections
NMRI or Pou5f1-EGFP mice at 1 and 8 dpp were used and maintained according to French regulations (Ministry of Agriculture decree 87-848). The animal installation was accredited by the veterinary inspectorate (A92-032-02). For all experiments, mice were exposed across the whole body to c-rays from a 137 Cs source (IBL 637; CIS bio International) at a dose of 2 Gy unless otherwise indicated. For fluorescence-activated cell sorting (FACS) analysis, intraperitoneal injections of bromodeoxyuridine (BrdU) (BrdU flow kit; Becton Dickinson) were performed just after irradiation (0.6 lg/g body weight), and the animals were killed 4-60 h later. For immunohistochemical analysis, mice were injected with BrdU (10 ll/g body weight) (Cell proliferation kit; Amersham) 10-48 h after irradiation, and were killed 2 h later. Three independent experiments were performed at each time point.
To determine the meiotic cell stages present in testes from nonirradiated mice at ages ranging from 6 to 12 dpp, mice were injected with BrdU (Kit RPN20; Amersham) 2 h before being killed, and testes were fixed with Bouin solution.
Testicular Cell Suspensions
Decapsulated testes were cut into pieces and incubated in Hanks Balanced Salt Solution (HBSS) containing 10 mg/ml collagenase I (Serva) and 0.2 mg/ml DNase I (Gibco) for 15 min at 378C in a shaking water bath. Every 5 min, the fragments were resuspended with a pipette. After complete digestion, cells were centrifuged for 5 min at 300 3 g and resuspended in HBSS.
Immunocytochemical Detection of c-H2AFX on Chromosome Spreads
Unfixed chromosome preparations were obtained from pools of testes from 1 (n ¼ 6) and 8 (n ¼ 2) dpp irradiated (0.2, 0.5, 1, and 2 Gy) and control NMRI mice, as previously described [32] . Briefly, testicular cell suspensions were attached to Shandon Cytoslides (Thermo Shandon) in a Shandon Cytospin3 centrifuge at 800 rpm for 6 min, and the slides were incubated in 0.5% TritonX-100/PBS for 5 min before fixation in 3.7% formaldehyde/PBS for 5 min. The cells were washed again in 0.5% TritonX-100/PBS before being stained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; 0.1 mg/ml) and mounted in Vectashield (Vector).
Slides with chromosome spreads of good quality after cytocentrifugation were selected for c-H2AFX immunodetection. Coverslips were removed in PBS, and slides were incubated in PBT/CP (PBS, 0.1% bovine serum albumin [BSA], 0.1% Tween 20, and 0.1% purified casein protein; Roche Diagnostics) for 15 min. Mouse monoclonal antibodies against c-H2AFX were used (1:200; 1 h at 378C; Upstate) and revealed with a fluorescein isothiocyanate (FITC)-coupled anti-mouse immunoglobulin (Ig) G (1:50; 1 h at 378C; Jackson Immunoresearch Laboratories). Fluorescence images were captured, all with the same time of exposure, using an Olympus AX70 epifluorescent microscope equipped with a charge-coupled camera (Princeton Instruments) and IPLab software (Scanalytics). At least 20 well-spread metaphases per experimental condition were analyzed for each time point after exposure to 0.5 Gy radiation. c-H2AFX was recorded as previously described [32] .
Immunostainings on Testis Sections
For each condition, testes from three mice were fixed in 4% phosphatebuffered formaldehyde (Sigma) overnight at 48C before being dehydrated, embedded in paraffin, and 5-lm-thick sections were cut. Sections were mounted on Superfrost Plus slides (VWR International) and the paraffin was removed with toluene. Sections were rehydrated in a graded series of alcohols. Slides were heated in 0.01 M sodium citrate (pH 6) in a microwave, first for 5 min at 900 Watts and then for 3 min at 600 Watts. After cooling to room temperature, sections were incubated in either 0.3% H 2 O 2 in methanol (BrdU staining) or 3% H 2 O 2 in H 2 O for 15 min. Blocking was performed in 5% BSA/ PBS. The slides were then incubated in blocking buffer with either mouse monoclonal antibodies against BrdU (1:2000 in blocking buffer; Millipore) for 1 h at 378C, goat polyclonal anti-GATA 4 (1:200; Santa Cruz Biotechnology), rabbit polyclonal anti-phospho RB1 (Ser 807/811) (1:100; Cell Signaling Technology), or rabbit polyclonal anti-cleaved caspase 3 (1:100; Cell Signaling Technology) overnight at 48C. Primary antibodies were detected with biotinylated horse anti-mouse IgG (1:200; Vector Laboratories), horse antigoat IgG (1:200; Vector Laboratories), or goat anti-rabbit IgG (1:200; Vector Laboratories) for 30 min at room temperature and the avidin-biotin-peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories). Peroxidase activity was visualized using 3,3 0 -diaminobenzidine, and slides were washed in PBS for 10 min. The secondary staining was performed using rabbit anti-MVH (DDX4) (1:500; Abcam), mouse anti-DAZL (1:100; Serotec) or rabbit anti-REC 8 (1:200; Abcam) primary antibodies. Secondary antibodies were the same as those used above, and bound antibodies were visualized using VIP substrate (Vector Laboratories). Sections were counterstained with hematoxylin. Negative controls omitted the primary antibody.
Cleaved caspase 3/DAZL fluorescent immunostaining was performed as described above, except that both primary antibodies were incubated at the same time, and were revealed with Cy3-conjugated donkey anti-rabbit IgG (1:800; Jackson ImmunoResearch Laboratories) and FITC-conjugated donkey anti-mouse IgG (1:50; Jackson ImmunoResearch Laboratories) for 1 h at room temperature. Sections were counterstained with DAPI.
Cell Counts after Immunohistochemistry
Germ cells were counted in 1 of 20 sections equidistantly distributed along the testis. All counts were done with Histolab software (Microvision Instruments). We used the Abercrombie formula to correct for any double counting due to single cells appearing in two successive sections [33] .
Germ Cell Cycle Analysis by FACS
Testicular cell suspensions (see above) from three neonate mice and two 8-day-old mice per condition were adjusted to 10 6 cells/ml and fixed with cold 50% ethanol for 30 min at 48C. After incubation in blocking buffer (10% fetal calf serum [FCS] , 0.1% BSA, and 0.1% Triton X-100 in PBS) for 30 min at 48C, cells were incubated with rat anti-mouse germ cell nuclear antigen 1 (GCNA1) antibody (generously provided by Dr. G. Enders) diluted 1:50 in a RESPONSE OF NEONATAL MOUSE GERM CELLS TO RADIATION 861 final volume of 50 ll. Bound antibodies were revealed with 1 lg/10 6 cells of FITC-conjugated anti-rat IgM (Pharmingen) for 20 min at 48C. Finally, the DNA was stained with propidium iodide (PI) solution containing 25 lg/ml PI, 40 lg/ml RNase, and 0.3% NP-40, for 20 min at room temperature. Cell cycle analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson). Controls were obtained by omitting the primary antibody, or by replacing it with an isotype control antibody.
GCNA1/BrdU Double Staining for Cell Cycle Analysis by FACS
For each condition, three neonate mice and two 8-day-old mice were used. Cell suspensions were prepared as described above and adjusted to 10 6 cells/ml. Staining was performed with the Allophycocyanin (APC) BrdU flow kit (Becton Dickinson), according to the manufacturer's instructions. Briefly, cells were fixed, permeabilized, and then fixed again with the kit buffers. Cells were then treated with DNase and incubated with APC-conjugated anti-BrdU antibody and anti-rat GCNA1 primary antibody (1:50) for 30 min at room temperature. GCNA1 was revealed with FITC-conjugated anti-rat antibody (1:10; Becton Dickinson) for 30 min at 48C. After counterstaining with 7-amino-actinomycin D, cells were analyzed by FACS, as above.
Estimation of the Duration of Cell Cycle Phases
Cell cycle analysis of both germ cells (cells positive for both GCNA1 and BrdU) and somatic cells (cells negative for GCNA1 and positive for BrdU) was performed by FACS. The duration of each phase was determined by the time that was taken by a given percentage of germ cells in one phase to reach the following one. A pool of testicular cells taken from three mice from different litters was used for each time point.
Immunofluorescence
Testicular cell suspensions were prepared from 20 1-day-old mice, as described above. For 8-day-old mice, we used either total testicular cell or suspensions enriched in spermatogonia (obtained by magnetic-activated cell sorting [MACS] using TACSTD1 [also known as EpCAM] as a marker for spermatogonia) [34] . Cells resuspended in Iscove modified Dulbecco medium supplemented with nonessential amino acids (Invitrogen), FCS 1% (Sigma) and gentamicin (Invitrogen), were plated on Permanox Lab-Tek chamber slides (VWR International) for 45 min at 378C in a humidified 5% CO 2 atmosphere before radiation exposure. Cells were then fixed in 4% formaldehyde/PBS for 5 min at room temperature and permeabilized in PBS/0.1% TritonX-100 for 5 min. Primary antibodies diluted in PBS/0.5% BSA were incubated for 1 h at room temperature. After three washes in PBS, secondary antibodies were incubated for 1 h at room temperature. Further washes in PBS were performed before mounting the slides in Vectashield/DAPI (AbCys SA). Primary antibodies were: mouse-anti-DAZL (1:100; Serotec) or rabbit anti-MVH (DDX4) 
Purification of Germ Cells by FACS after MACS Technology Enrichment
To obtain highly pure fractions of gonocytes and spermatogonia, 30-50 neonate and about 8-day-old Pou5f1-GFP mice (gift from K. Ohbo) were used for each experiment. Suspensions of testicular cells were prepared as described above. In the case of 1 dpp mice, cells were incubated with rat anti-mouse TACSTD1 (clone G8.8; Pharmingen) monoclonal antibody (1 lg/10 6 cells) at 48C for 20 min. The cells were washed and incubated with a mouse anti-rat antibody coupled to magnetic microbeads (Miltenyi Biotech) at 48C for 20 min, and TACSTD1-positive cells were isolated by using MACS separator according to the manufacturer's instructions (Miltenyi Biotech). Cell suspensions enriched in TACSTD1-positive cells were further labeled with phycoerythrin-conjugated goat anti-rat antibody (1 lg/10 6 cells) (Jackson Immunoresearch) at 48C for 30 min and incubated in PI. TACSTD1-and GFPpositive cells, which corresponded to gonocytes, were sorted using a FACS StarPlus cytometer (Becton Dickinson). In the case of 8 dpp mice, the testicular cells were incubated with Hoechst 33 342 (5 lg/ml/10 6 cells) (Sigma) for 45 min at 378C before MACS of TACSTD1-positive cells. TACSTD1-positive cells were sorted by FACS as functions of Hoechst red fluorescence and Hoechst blue fluorescence, as described previously [35] . A purity of 95%-98% of germ cells was obtained.
Testicular Cell Marker RT-PCR Analysis
Total RNAs from sorted germ cells were prepared by using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. RNA was quantified with the RiboGreen RNA quantification kit (Invitrogen). Reverse transcriptase reaction was performed with 100 ng of total RNA with the Omniscript RT kit (Qiagen).
The following primer sequences were used for PCR: 5 0 -TGG TGA CAG GAG CAG GA- 
Reverse Transcription and Real-Time PCR
Total RNA was extracted from sorted germ cells using the RNeasy mini kit (Qiagen) according to the manufacturer's instruction. Total RNAs were reverse transcribed with the Omniscript RT kit (Qiagen). Real-time PCR reactions were carried out according to the manufacturer's instructions in an ABI Prism 7000 Sequence Detection system (Applied Biosystems).
The following probes were used: Actb (b-actin) Mm00607939_s1; Atm Mm00431867_m1; Atr Mm01223650_m1; Prkdc Mm00465092_m1; Mre11a Mm00450600_m1; H2afx Mm00515990_s1; Brca1 Mm00515386_m1; Rad51 Mm00487905_m1; Rad54l Mm00485522_m1; Xrcc6 Mm00487458_m1; Xrcc4 Mm00459213_m1; Lig4 Mm01217498_m1 (designed on request by Applied Biosystems); Cdkn1a Mm00432448_m1; Cdkn1b Mm00438168_m1; Cdkn2c Mm00483243_m1; C cna2 Mm00438064_m1; Ccnd1 Mm00432359_m1; Ccnd2 Mm00438071_m1. Messenger RNAs were quantified using the TaqMan Gene Expression Master Mix (Applied Biosystems) in a total volume of 20 ll. Samples were heated for 10 min at 958C, followed by 45 cycles of 15 sec at 958C, and then 1 min at 608C. Each sample and negative controls (RT-PCR without RNA) were run in duplicate for every primer/probe combination.
Statistics
Statistical analyses were performed using nonparametric Mann-Whitney or unpaired t-tests. In all cases, the level of statistical significance was set at P , 0.05.
RESULTS
Postnatal Mouse Gonocytes Show Higher Radiosensitivity than More Differentiated Germ Cells
Ages at irradiation were chosen so that we could compare the response of gonocytes that resumed mitosis and neonatal spermatogonia. At 1 dpp, about 20% of germ cells are committed to S phase, as shown by the phosphorylation of RB1 in these cells (Fig. 1 ). This percentage of phosphorylated RB1-positive germ cells, determined by immunohistochemistry, increased up to 80% at 3 dpp, suggesting that, at that age, almost all gonocytes have entered the cell cycle. In contrast to the rat, when gonocytes resume mitosis in the mouse, there is no clear criterion that allows clear distinction between 862 gonocytes and newly formed spermatogonia on testis crosssections [36] [37] [38] . Given that, at 1 dpp, only a small percentage of germ cells had entered the cell cycle, we considered that the great majority of them were actually gonocytes. At 8 dpp, we found that about 40% of germ cells were either preleptotene or meiotic cells, as shown by the percentage of REC8-positive germ cells (Fig. 2 ). This suggests that the remaining 60% constitute a heterogeneous population of spermatogonia (type A, intermediate, and type B). At this age, the most differentiated spermatocytes were at the zygotene stage and the most represented was the leptotene stage, whereas there were only 2.7% of preleptotene spermatocytes (Table 1) . Therefore, at 8 dpp, we inferred that both spermatogonia and leptotene spermatocytes were the most represented germ cell types.
To investigate the sensitivities of neonatal germ cells to IR in vivo, we used antibodies to c-H2AFX in immunofluorescence microscopy to visualize the induction of DSBs, and we analyzed the kinetics of cell death. We had previously characterized the normal expression pattern of c-H2AFX in mouse neonatal spermatogonia by immunofluorescence, and validated the quantification of c-H2AFX on metaphase chromosomes after in vivo c-irradiation as a sensitive method to estimate the induction of DSBs in testicular cells [32] . We used this technique to compare the sensitivity of gonocytes (i.e., germ cells in 1 dpp mice) specifically to that of mitotic germ cells in 8 dpp mouse testes (meiotic germ cells are excluded in this analysis) and proliferating testicular somatic cells in 1 dpp mouse testes. Germ cells can be distinguished from proliferating somatic cells in mitosis by the shapes of their chromosomes [40] . In all the cell types investigated, we found a linear relationship between the number of c-H2AFX foci and the dose of IR delivered in vivo to the mice (Fig. 3) . From the slopes of the regression lines, we found that neonatal gonocytes (30.6 DSB/Gy/cell; r 2 ¼ 0.99) were 1.5-fold more sensitive to DSB induction than proliferating somatic cells (20.8 DSB/Gy/cell; r 2 ¼ 0.99), and 1.3-fold more sensitive to DSB induction than spermatogonia (24 DSB/Gy/cell; r 2 ¼ 0.99).
There were marked differences in the kinetics of germ cell death at 1 dpp (Fig. 4A , left panel) and 8 dpp (Fig. 4A, right  panel) . In control testes, there was a small increase in germ cell number between 1 and 3 dpp (P , 0.05), corresponding to quiescent gonocytes that enter gradually in the cell cycle (Fig.  1) . On the other hand, there was a dramatic increase in germ Immunostaining for GATA4 (a marker of Sertoli cells) was used to identify all germ cells (i.e., GATA4-negative cells). Controls (black bars) correspond to testes of nonirradiated mice at 8, 9, 10, and 12 dpp, respectively. Data indicate means 6 SEM of three independent experiments. *Statistically significant differences (P , 0.05) between controls and between controls and irradiated testes. 
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cell number between 3 and 5 dpp, which corresponded mostly to proliferation of newly formed spermatogonia. Few caspase 3-positive germ cells (a marker of apoptosis) were observed (Fig. 4B, left panel) . Between 8 and 9 dpp, control testes exhibited a decrease in germ cell number (Fig. 4A, right panel) , which correlated with decrease in cells positive for cleaved caspase 3 (Fig. 4B , right panel) and with a two-fold increase in meiotic cells (Fig. 2) . From 9 dpp on, percentage of caspase 3-positive germ cells remained low and constant, whereas number of germ cells increased (Fig. 4B, right panel) .
After irradiation at 1 dpp, 70% of the germ cells were eliminated within the first 24 h after exposure compared with only 45% after irradiation at 8 dpp. These data correlated well with the increase in the percentage of germ cells containing cleaved caspase 3: there was up to a 20-fold increase in the percentage of cleaved caspase 3-positive germ cells (Fig. 4B , left panel) 24 h after exposure at 1 dpp compared with nonirradiated control. The increase in cleaved caspase 3-positive germ cells irradiated at 8 dpp reached values only five times as high as the control (Fig. 4B , right panel) after 48 h. Whereas percentage of germ cells positive for cleaved caspase 3 was strongly decreased 96 h after irradiation at 1 dpp (Fig.  4B, left panel) , it remained high after exposure at 8 dpp (Fig.  4B, left panel) .
Because any decrease in cell number may be due to both cell death and inhibition of proliferation, we estimated germ cell proliferative activity by counting the percentage of germ cells that had incorporated BrdU in vivo 2 h before mice were killed (Fig. 4C) . Incorporation of BrdU at 8 dpp was related to spermatogonia, because preleptotene spermatocytes are in the minority in the whole germ cell population (Table 1) . Upon irradiation, either at 1 dpp (Fig. 4C, left panel) or at 8 dpp (Fig.  4C, right panel) , a significant decrease in germ cell proliferation was observed as early as 10 h after exposure. Proliferation dropped to 50% of the control value within 24 h and 48 h after irradiation for germ cells irradiated at 1 and 8 dpp, respectively. Germ cell proliferation started to increase again 24-48 h after irradiation at 1 dpp, while it continued to decrease when testes were irradiated at 8 dpp. In both cases, the proliferation indices returned to control values 96 h after irradiation.
Together, these data show that germ cells at 1 dpp are more sensitive to irradiation than germ cells at 8 dpp in terms of cell death and induction of DSBs. Because radiation sensitivity depends on activation of cell cycle checkpoints, DNA damage signaling, and DSB repair, we next characterized these parameters in vivo in these cells.
Radiation Affects the Progress of Germ Cells Through the Cell Cycle
To investigate cell cycle checkpoint activation, we used flow cytometry to analyze the distribution of germ cells in the various phases of the cell cycle after irradiation (Fig. 5) . At the time of irradiation, 72.8% 6 0.2% of gonocytes were in G0/G1 phase (Fig. 5A, left panel, 1 dpp control histogram) , consistent with the fact that prenatal gonocytes are blocked in G0/G1 and resume mitosis after birth to differentiate into spermatogonia. This is confirmed by the fact that only 23% 6 11% of germ cells exhibit phosphorylation of RB1 at Ser 807/811 (Fig. 1) . Within the first 10 h after irradiation, there was no significant difference between the irradiated and nonirradiated germ cells in their distribution in each cell cycle phase. Between 14 and 24 h after irradiation (Fig. 5A, middle panel) , the percentage of germ cells in S phase was lower than in the control (2 dpp), whereas the percentage in G2/M phase was higher (more than
and their testicular cells were analyzed at the indicated times after irradiation for total germ cell number (A), caspase 3-positive cells (B; a marker of apoptosis), and BrdU incorporation (C; a marker of DNA replication). Panels on the left present the data for germ cell of 1-day-old mice, and those on the right present the data for germ cells of 8-day-old mice. For A and B, data indicate means 6 SEM of control (black bars) and irradiated testes (grey bars). Statistically significant differences between control and irradiated testes are indicated by asterisks (*P
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30% G2/M phase in the irradiated mice compared with 12% in the control), with no change in the proportion of cells in G1 phase. This indicates that the germ cells proceeded from S to G2/M phase after irradiation, and accumulated at the latter phases. Concomitantly, cells did not progress from G1 to S phase, suggesting that both G1/S and G2/M checkpoints were activated. Between 38 and 48 h after irradiation (Fig. 5A, right  panel) , the percentage of cells in G1 increased, whereas that in S phase decreased, with no change in G2/M. This indicates that gonocytes proceeded from G2/M phase to G1, where they accumulated until 42-48 h postirradiation. Altogether, these data show that irradiation of neonatal gonocytes with 2 Gy leads to an overall slowing down of their cell cycle and activation of both the G1/S and G2/M checkpoints.
In contrast to germ cells at 1 dpp, the GCNA1-positive cells of 8 dpp mice were found in similar proportions in G1 and S phase (about 40% in each phase) at the time of irradiation (Fig.  5B, left panel) . As early as 4 h after irradiation, the percentage of germ cells in S phase was significantly higher (47% 6 1%) than in the 8 dpp control (38% 6 1%), and remained elevated for at least 4 h (Fig. 5B, left panel) . During the same period, the proportion of cells in G1 phase was lower than in the control (30% 6 5% compared with 43% 6 3% at 4 h), and there was no significant change in the proportion of cells in G2/M. These data suggest that cells accumulated in S phase, and that cells irradiated in G2/M did not progress to G1 phase. Between 16 and 24 h (Fig. 5B, middle panel) , the percentage of cells in S phase was lower than in the 9 dpp control, whereas the percentage in G2/M phase was higher, again with no change in the percentage in G1 phase. This indicates that the 8 dpp irradiated germ cells progressed from S to G2/M phase, and accumulated in the latter phases. Concomitantly, the cells did not proceed from G1 to S phase, suggesting that both G1/S and G2/M checkpoints were activated. Between 38 and 48 h after irradiation (Fig. 5B, right panel) , the proportion of germ cells in G2/M phase remained elevated, although we observed a significant increase in G1-phase cells 38 and 42 h after irradiation compared with 10 dpp control, indicating that a subset of cells passed the G2/M checkpoint and/or that the G1/S checkpoint was maintained. Because controls take into account entry of cells into meiosis (4N), accumulation of germ cells observed in G2/M phase was only a consequence of irradiation on spermatogonia cell cycle. These data demonstrate an overall radiation-induced delay in the progress of the 8 dpp germ cells through the cell cycle, and activation of the G1/S, intra-S phase, and G2/M checkpoints.
Irradiation Induces Modifications in Cell Cycle Gene Expression
In order to elucidate how cell cycle genes were regulated after irradiation specifically in germ cells, we first developed a method for germ cell purification by combining immunomagnetic enrichment of germ cells and FACS sorting by using transgenic mice (see Material and Methods section and Supplemental Fig. S1 and Supplemental Fig. S2 , all Supplemental Data are available online at www.biolreprod.org). Purity of germ cell fractions was verified by RT-PCR, analyzing expression of germ and somatic testicular markers (Supplemental Fig. S1 and Supplemental Fig. S2) .
We next performed quantitative RT-PCR experiments on RNA prepared from purified gonocytes and spermatogonia, either nonirradiated or 3 h after in vivo irradiation (2 Gy) (Fig.  6) . Because, in 1-and 8-day-old mouse testes, germ cells are not evenly distributed in the different phases of the cell cycle, we expected differences in the basal expression of some cell cycle genes.
Accordingly, in nonirradiated conditions, RNA levels of Cdkn1a, Cdkn1b, and Ccnd2 were lower in spermatogonia than in gonocytes that are mostly still quiescent in GO/G1 phase (see Fig. 5, control) . In contrast, Cdkn2c, Ccna2, and Ccnd1 were higher in dividing spermatogonia than in gonocytes. In Controls are nonirradiated mice of the same age as irradiated mice at the time of analysis (i.e., 1-day-old mice for time points from 4 to 10 h, 2-day-old mice for time points from 14 to 24 h, etc.). Data indicate means 6 SEM for 1-day-old irradiated mice (A) and for 8-day-old irradiated mice (B). Statistically significant differences compared with the nonirradiated control are indicated by asterisks (*P , 0.05; **P , 0.01; ***P , 0.001).
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irradiated conditions, only Ccnd1 was deregulated in gonocytes, whereas, in spermatogonia, Cdkn1a and Ccnd2 were upregulated, and Cdkn2c, Cdkn1b, and Ccna2 were downregulated. These data suggest that, within the first hours after irradiation, the progression of gonocytes within the G1 phase is slowed down, whereas, in spermatogonia, genes involved in the regulation of S phase and G2/M progression are deregulated. These data are in good agreement with those of the flow cytometric analysis.
When Irradiated in S Phase, Gonocytes Bypass the G2/M Checkpoint, Whereas Spermatogonia Are Arrested in the G2/M Phase
The differences that we observed between germ cells at 1 and 8 dpp, described above, might reflect their different distributions in the various phases of the cell cycle at the time of irradiation. Therefore, we checked whether the various phases of the cell cycle were of similar duration in gonocytes and spermatogonia, because neonatal gonocytes are characterized by their exit from a quiescent period that is initiated in the fetus. The duration of each phase was analyzed by FACS after BrdU incorporation in vivo (see Materials and Methods for details; Fig. 7 , A and C). We found that the gonocyte cell cycle was much longer than that of the spermatogonia, principally due to a long G1 phase: the gonocyte G1 phase was five times longer than that of spermatogonia (30 vs. 6 h), whereas the S phase was half as long (7 vs. 15 h), and the G2/M phase was 1.5-fold longer than that of spermatogonia (6 vs. 4 h).
We next asked whether gonocytes and spermatogonia could exhibit different checkpoint activation upon irradiation in the same phase of the cell cycle. Therefore, we analyzed the effect of irradiation in S phase on the progress of germ cells through the cell cycle by injecting BrdU into 1 and 8 dpp mice just after irradiation (2 Gy). We then analyzed the cell cycle of the BrdU-positive germ cells by FACS at intervals up to 96 h later (Fig. 7) . At 8 h after irradiation, almost all the BrdU-labeled gonocytes had accumulated in G2/M phase (Fig. 7B) , whereas, in the nonirradiated control, 31% of them were already in G1 phase (Fig. 7A) . After 16 h, there were as many labeled cells in G1 phase as in G2/M among the irradiated cells (Fig. 7B) , which resembled the 10 h time point in the control (Fig. 7A) . After 24 h, nearly all the labeled cells were in G1 phase in the irradiated population, resembling the 16 h time point in the control. These data indicate that there was about an 8 h delay in the progress of S phase gonocytes through the cell cycle after irradiation. At 48 h after irradiation, however, 80% of the surviving labeled germ cells were still in G1, compared with only 40% in the nonirradiated control. Similar results were observed 96 h after exposure. At this time point, germ cells in G1 phase could correspond to arrested gonocytes irradiated in S phase and to newly formed cycling spermatogonia.
In 8 dpp mice, the germ cells irradiated in S phase accumulated in G2/M phase, whereas almost none were in G1 between 4 and 8 h after exposure (Fig. 7D) , compared with over 20% in the nonirradiated control (Fig. 7C ). This cell cycle block was relieved after 12 h, when 8% of irradiated cells had progressed into G1 phase. After 24 h, 43% of the irradiated germ cells were in G1 phase, and a similar proportion were in   FIG. 6 . Expression of selected cell cycle genes in purified fractions of gonocytes and spermatogonia. Quantitative RT-PCR was used to determine the basal expression levels of the indicated genes in gonocytes (1 dpp, black bars) and spermatogonia (8 dpp, light grey bars), and their levels 3 h after irradiation (gonocytes, dark gray bars; spermatogonia, white bars). Data are represented in log scale indicating the expression level (mean 6 SEM) normalized to that of Actb. Gray asterisks indicate significant differences between the irradiated and nonirradiated samples. Black asterisks denote significant differences between unnirradiated gonocytes and spermatogonia (*P , 0.05; **P , 0.01). nd, not detectable. G2/M phase, whereas, in the control, no cells were still in G2/ M. Between 24 and 48 h, over 40% of cells remained in G2/M phase, whereas the proportion of cells in G1 decreased, and those in S phase increased. These data are consistent with the long duration of S phase, even in nonirradiated conditions, and spermatogonia arrest in G2/M phase, which persisted up to 72 h after irradiation. Progress through the cell cycle resumed between 72 and 96 h after irradiation.
These data indicate that distinct checkpoints are activated in gonocytes and spermatogonia when irradiated during S phase.
The Kinetics of c-H2AFX Foci Removal Is Different in Gonocytes than in Spermatogonia and Proliferating Somatic Cells
To estimate the capacity of neonatal gonocytes and spermatogonia to repair DSBs before reaching M phase, we analyzed the number of c-H2AFX foci on metaphase chromosomes at various times over a period of 24 h after irradiation with a dose of 0.5 Gy (Fig. 8) . We chose this dose to induce a sufficient number of DSBs without much perturbation of the cell cycle (Supplemental Fig. S3 ). As described above, after a dose of 2 Gy in S phase (Fig. 7) , we determined the duration of cell cycle phases in gonocytes and spermatogonia after a dose of 0.5 Gy (data not shown, but summarized above the graphs in Fig. 8, A and B) . Indeed, whereas gonocytes irradiated in S phase showed a delay of 2 h in their progress from G2/M to G1 phase, a delay of 4 h was found in spermatogonia compared with nonirradiated controls. Moreover, when analyzing the overall populations of gonocytes and spermatogonia (similar experiments as in Fig. 5) , we found few differences in the cell cycle phase distribution after irradiation at 0.5 Gy (data not shown).
Up to 4 h after irradiation, the number of c-H2AFX foci on gonocyte metaphase chromosomes did not change (Fig. 8A) . Between 4 and 6 h after irradiation, there was a sharp drop in the number of foci that persisted at metaphase, which reached the level of control values after 6 h. By contrast, in cycling somatic cells (Fig. 8A) , there was a biphasic decrease in the number of c-H2AFX foci. The first occurred 2-3 h after irradiation, and lead to the disappearance of 40% of the foci. Thereafter, a plateau was reached for at least 3 h, suggesting that, when irradiated 4-6 h before metaphase, no repair occurred. Interestingly, 14 h after irradiation, 22% of the foci persisted; control values were reached only after 14 h.
In spermatogonia, the kinetics of loss of c-H2AFX foci was generally similar to that in gonocytes, except that the drop after 4 h was somewhat slower, reaching control values about 15 h after irradiation (Fig. 8B ). This suggests that, when irradiated in G2 phase, gonocytes repair DSBs faster than spermatogonia. Moreover, in contrast to gonocytes, irradiation of spermatogonia in late S phase could lead to the persistence of c-H2AFX foci at metaphase.
Neonatal Germ Cells Express Larger Amounts of DSB Repair Proteins than Do Somatic Cells
Our data demonstrate that gonocytes produce more DSBs, resolve their c-H2AFX foci more rapidly, and are more likely to die in response to exposure to IR than are spermatogonia and somatic cells. We speculated, therefore, that these differences might reflect differences in the components of the DNA DSB signaling and repair machinery in these two cell types. To investigate this possibility, we first looked for the presence and location of a subset of DSB repair proteins in gonocytes, spermatogonia, and somatic cells by immunofluorescence microscopy ( Figs. 9 and 10 ; Supplemental Figs. S4 and S5). We focused on the major proteins involved at different steps of DSB signaling (ATM, ATR, PRKDC) and repair by either NHEJ (TRP53BP1, XRCC6) or HR (RAD51, BRCA1).
The DNA damage signaling protein, ATM, was expressed in most testicular cells of 1 dpp mice, and was most often highest in the gonocytes (Supplemental Fig. S4A ). Activation of ATM is characterized by its autophosphorylation on Ser 1981 [41, 42] . We found phosphoSer1981ATM (ATM-p) at higher levels in gonocytes than in somatic cells (Fig. 9A) . In gonocytes, ATM-p was predominantly in the nucleus and the perinuclear area, rather than in the cytoplasm, and forms numerous small foci within 5 min after in vitro irradiation, as in somatic cell nuclei (Fig. 9B) . Within this period of time, over 80% of irradiated gonocytes exhibited foci, compared with about 20% of the nonirradiated gonocytes (Table 2) .
PRKDCcs was expressed strongly in gonocytes when compared with somatic cells, and, like ATM, the staining 
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was homogeneous throughout the nucleus (Supplemental Fig.  S4C ). PhosphoT68 PRKDCcs (PRKDCcs-p), the activated form of PRKDC [41, 42] , was expressed in some nonirradiated germ and somatic cells located in a few small spots (Fig. 9C) . Both 5 min (Fig. 9D ) and 3 h after irradiation (data not shown), many foci of PRKDCcs-p were present in the gonocyte nuclei, as well as in some somatic cells (Fig. 9D) . As for ATM-p, foci were induced in almost 90% of irradiated gonocytes within the first 5 min after radiation exposure (Table 2 ). TRP53BP1 was very highly expressed in gonocytes compared with somatic cells (Fig. 9E) . At 5 min after irradiation, TRP53BP1 foci were observed in both somatic and germ cell nuclei (Fig. 9F) . Whereas 90% of gonocytes showed foci 5 min after irradiation, this percentage decreased to 74% after 3 h (Table 2) . ATR, the activation of which by IR does not involve autophosphorylation, was also expressed strongly in gonocytes in either a   FIG. 9 . Immunofluorescence microscopy of DNA damage response proteins in nonirradiated and irradiated (2 Gy) testicular cells from 1 dpp mice. Germ cells were identified using a marker (either DAZL or DDX4) that specifically stains their cytoplasm. Cell nuclei are stained with DAPI (blue). A) ATM-p (green) is expressed at higher levels in germ cells than in somatic cells, and is located in the cytoplasm, nucleus, and perinuclear region. B) At 5 min after irradiation, foci of ATM-p are present in both germ cells (arrow) and somatic cells (arrowhead). C) Few PRKDCcs-p foci (red) are present in some germ and somatic cells. D) At 5 min after irradiation, many PRKDCcs-p foci are present in both germ (arrow) and somatic cells (arrowhead). E) TRP53BP1 is particularly strongly expressed in gonocyte nuclei. F) At 5 min after irradiation, foci of TRP53BP1 are present in both gonocytes (arrow) and somatic cells (arrowhead). G) ATR is expressed at higher levels in germ cells than in somatic cells, and some germ cells show many foci of ATR. H) At 3 h after irradiation, no significant change was observed in ATR staining. I) RAD51 expression is heterogeneous among gonocytes, but generally higher than in somatic cells. J) At 3 h after irradiation, numerous foci of RAD51 are observed in gonocytes (arrow) and in some somatic cells (arrowhead). Inserts show higher magnification of germ cells. CTRL, control; IR, irradiated. Bars ¼ 10 lm.
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homogeneous or punctate pattern in nonirradiated cells (Fig.  9G and Table 2 ). No specific staining for ATR was observed in somatic cells. At 3 h after irradiation at a dose of 2 Gy, the ATR staining was unaltered (Fig. 9H and Table 2 ).
The NHEJ protein, XRCC6, was expressed particularly highly in gonocytes. The staining was rather homogeneous throughout interphase nuclei (Supplemental Fig. S4E ), and no foci were observed after irradiation (Supplemental Fig. S4F) . The HR protein, RAD51, was strongly expressed in many nonirradiated gonocytes when compared with somatic cells; some foci were observed in certain gonocyte nuclei-probably those in S phase [43] (Fig. 9I) . After irradiation, numerous foci of RAD51 were present both in somatic and germ cells (Fig.  9J) . Finally, foci of BRCA1 were observed in some, but not all, germ cells, possibly correlating with cells in S or G2 phase (Supplemental Fig. S4G) . At 3 h after irradiation, foci of BRCA1 were seen in both germ and somatic cells (Supplemental Fig. S4H) ; however, the percentage of gonocytes with foci did not change compared with the nonirradiated control ( Table 2) . FIG. 10 . Immunofluorescence microscopy of DNA damage response proteins in nonirradiated and irradiated (2 Gy) testicular cells from 8 dpp mice. Germ cells were identified using a marker (either DAZL or DDX4) that specifically stains their cytoplasm. Cell nuclei are stained with DAPI (blue). A) ATM-p (green) is expressed at highly variable levels in germ cells, and is located essentially in the nucleus and the perinuclear region. In the insert, a higher magnification corresponding to the circle in the white dotted line field is shown where the staining for meiotic cell has been saturated in order to highlight the expression pattern of less stained germ cells. B) At 5 min after irradiation, foci of ATM-p are present in both germ cells (arrow) and somatic cells (arrowhead). C) PRKDCcs-p foci are present in some germ cell nuclei (asterisks), and the cytoplasm of some somatic cells is highly stained for PRKDCcsp. In the insert, the green signal was saturated in order to show PRKDCcs-p foci in some germ cells (asterisks). D) At 5 min after irradiation, many PRKDCcs-p foci are present in both germ (arrow) and somatic cell (arrowhead) nuclei. E) The expression pattern of TRP53BP1 is highly variable among germ cells. F) At 5 min after irradiation, foci of TRP53BP1 are present in both germ (arrow) and somatic cells (arrowhead). G) ATR is expressed at variable levels in germ cells, and some of them show foci (arrow). H) At 3 h after irradiation, no significant change was observed in ATR staining compared with the control. I) RAD51 expression is heterogeneous among germ cells. J) At 3 h after irradiation, numerous foci of RAD51 are observed in germ cells. CTRL, control; IR, irradiated. Bars ¼ 10 lm.
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In contrast to gonocytes, we found strong variations in the immunostaining for all the proteins tested on nonirradiated 8 dpp mouse germ cells ( Fig. 10 and Supplemental Fig. S5 ). This variability in overall staining intensity and presence of foci is possibly related to the position of each cell in the cell cycle, or to whether germ cells are type A or type B spermatogonia or early meiotic cells, as shown in the adult testis for ATM [44] , ATM-p [45] , XRCC6 [46] , 53BP1, and RAD51 [19] . After irradiation, as for gonocytes, we found induction of foci for ATM-p (Fig. 10B) , PRKDCcs-p (Fig. 10D), TRP53BP1 (Fig.  10F) , and RAD51 (Fig. 10J ) in 8 dpp germ cells ( Table 2) . As for gonocytes, no significant change in the proportion of cells exhibiting ATR or BRCA1 foci was found 3 h after radiation exposure in 8 dpp germ cells (Table 2) .
Altogether, these data suggest similar short-term response of both gonocytes and the overall population of neonatal spermatogonia to radiation exposure.
Regulated Expression of Selected Key Genes Involved in DNA Damage Repair after Irradiation of Neonatal Germ Cells
We next wished to examine the degree to which gonocytes and spermatogonia express genes encoding proteins required for sensing and repairing DSB, and to look for the possible transcriptional regulation of these genes after irradiation. To this end, we performed quantitative RT-PCR experiments on RNA prepared from purified gonocytes and spermatogonia either before or 3 h after in vivo irradiation (Fig. 11 ). Of all the tested genes, Prkdc was the most highly expressed in both gonocytes and spermatogonia, but its expression was unaffected by irradiation. Significantly higher levels of basal expression (without irradiation) were found in spermatogonia than in gonocytes for Atm (3-fold higher), Brca1 (1.7-fold higher), and Xrcc4 (3-fold higher). After irradiation, we observed up-regulation in gonocytes of Atr (47-fold) and Xrcc4 (1.4-fold), whereas only Rad54l was up-regulated in spermatogonia (1.5-fold). Conversely, we observed radiationinduced down-regulation in spermatogonia of most of the tested genes (Atr, 4-fold; H2afx, 1.5-fold; Mre11a, 1.6-fold; Xrcc6, 2-fold; Xrcc4, 2-fold), whereas only Xrcc6 (2.3-fold) was down-regulated in gonocytes.
DISCUSSION
Male germ cells are crucial for successful spermatogenesis, and thus for maintenance of species. Their development in the fetus and the neonate, including the formation of stem cells, determines the life-long fertility of the adult. Whereas adult germ cells are intensely studied, less is known about their neonatal counterparts. This may be explained, in part, by the fact that, among all the knockout mouse models with defective fertility, very few involve detectable abnormalities in neonatal gonocytes (for a review see [47] ). This suggests that neonatal gonocyte homeostasis is regulated by genes that are crucial for embryonic development, and/or by two or more highly redundant mechanisms that ensure maintenance of spermatogenesis. In this context, the present study is the first, to our knowledge, that focuses on the characterization of the response of neonatal gonocytes and spermatogonia to genotoxic stress. 11 . Expression of selected genes involved in the DNA damage response in purified fractions of gonocytes and spermatogonia. Quantitative RT-PCR was used to determine the basal expression levels of the indicated genes in gonocytes (1 dpp, black bars) and spermatogonia (8 dpp, light grey bars), and their levels 3 h after irradiation (gonocytes, dark gray bars; spermatogonia, white bars). Data are represented in log scale, indicating the expression level (mean 6 SEM) normalized to that of Actb. Gray asterisks indicate significant differences between the irradiated and nonirradiated samples. Black asterisks denote significant differences between nonirradiated gonocytes and spermatogonia (*P , 0.05; ***P , 0.001).
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Germ cell death at 1 dpp was more extensive than that of germ cells at 8 dpp. Differences in radiosensitivity between 1 and 8 dpp germ cells might be explained by distinct distribution of the germ cell types in various phases of the cell cycle at the time of irradiation, as is known for somatic cells. As a general rule, cells are most sensitive to radiationinduced killing during mitosis and in G2, less sensitive in G1, and least sensitive during the last part of S phase [48] . At 1 dpp, irradiated germ cells were both quiescent and cycling gonocytes. About 70% of the gonocytes were in G0/G1 phase at the time of irradiation, and 20% had entered S phase. Consistent with the flow cytometric analysis, we found high amounts of Cdkn1a and Cdkn1b mRNA in nonirradiated neonatal gonocytes. Such an up-regulation has recently been found concomitant with germ cell mitotic arrest in the mouse fetus [49] . At 3 h after irradiation, only decrease in Ccnd1 expression was found in irradiated gonocytes, consistent with a slowdown of the cells within G1 phase [50] . It has been shown in rat that irradiation of gonocytes during quiescence leads to their death when they resume their cell cycle [10] . We therefore hypothesize that, within the first 24 h after exposure, irradiated cycling gonocytes died when they reached and accumulated in G2/M phase, whereas irradiated quiescent gonocytes died at G1/S transition when they reproliferated within 24 h after irradiation. Because gonocytes do not reenter synchronously in the cycle, and have a long G1 phase, their death is also progressive, as shown by the higher level of apoptotic germ cells observed 96 h after irradiation compared with nonirradiated control. A high percentage of germ cells in G1 phase 38 and 42 h after irradiation, and a still higher level of apoptotic germ cells 48 h after irradiation, may reflect two events: the counter selection of newly cycling gonocytes, and the arrest of newly formed spermatogonia from surviving gonocytes irradiated in S phase. At 8 dpp, irradiated germ cells were more equally distributed between G0/G1 and S phase than were the gonocytes at the time of radiation exposure. Within the first hours after radiation exposure, we found accumulation of irradiated germ cells in S phase, probably resulting from intra-S checkpoint activation. Accordingly, we found a dramatic drop in Ccna2 (the high expression of which favors progression in S and G2 phase) RNA levels in irradiated spermatogonia. Concomitantly S-phase irradiated germ cells accumulated in G2/M. The simultaneous down-regulation of Cdkn1b and Cdkn2c (inhibitor of the transition from G1 to S phase [51] ) and up-regulation of Ccnd2 (the high expression of which favors progression in G1) and Cdkn1a (inhibitor of cell progression at the G1/S and G2/M transitions [51] ) expression suggests that Cdkn1a inhibits the G2/M transition, rather than the progression of spermatogonia in G1 phase during the first hours after irradiation. Surprisingly, no change in Cdkn1a expression was found in irradiated adult spermatogonia [52, 53] ; however, this discrepancy could be due to the higher sensitivity of our quantitative PCR approach on purified germ cells compared with in situ hybridization on testis sections.
The most represented germ cell types at 8 dpp were a mostly heterogeneous population of spermatogonia and leptotene spermatocytes. Decrease in germ cell number within 24 h after irradiation may be the consequence of spermatogonia death that accumulated in G2/M phase during this period of time. Indeed, it has previously been shown that, according to their type, 37% of adult spermatogonia are killed at doses of X-rays ranging between 0.4 and 2.5 Gy [54] . In contrast, half of the leptotene spermatocytes are killed after 4.9 Gy of X-ray exposure [55] . Therefore, in this study, loss of germ cells after irradiation was mostly related to death of spermatogonia, and also inhibition of their proliferation. However, meiotic cells seemed to be slow in their progression. Indeed, 96 h after irradiation, most of the meiotic germ cells were located in the basal compartment of the seminiferous tubule, whereas they were mainly in the adluminal compartment in control testes (data not shown).
The kinetics of disappearance of c-H2AFX foci suggest that irradiated germ cells and somatic cells could contain unrepaired or incompletely repaired DSBs at metaphase. Indeed, the existence of high and stable levels of c-H2AFX foci during the first 4-5 h after irradiation is consistent with the common assumption that DSB repair does not occur very effectively during mitosis [56] . The decrease in the number of c-H2AFX foci in metaphase cells collected between 4 and 6 h after irradiation suggests efficient repair during this time interval. Moreover, activation of the G2/M checkpoint might prevent progression of the most damaged cells into metaphase. After 6 h, the number of c-H2AFX foci approached control levels, suggesting that, when cells are irradiated during G1 and S phase, either full repair occurs before entry of cells into metaphase, or most of the damaged cells do not reach mitosis because they are blocked at a checkpoint. Interestingly, Löbrich and Jeggo [57] hypothesized that the G1/S checkpoint may be more efficient than the G2/M checkpoint; they showed that cells can overcome the G2/M checkpoint with unrepaired damage (upto 20 c-H2AFX foci per cell), only to be eliminated from the cycling population in later phases of the cell cycle [58] . In this study, gonocytes irradiated in S phase seem to pass the G2/M checkpoint, but are subsequently arrested for days in G1, suggesting that the G1/S checkpoint might also be more sensitive than the G2/M checkpoint to incorrect DSB repair or to persistence of unrepaired damages unrelated to formation of c-H2AFX foci.
To explain these findings, we speculated that gonocytes and spermatogonia might express different DSB repair or checkpoint proteins, or express these proteins at different levels. Indeed, some DNA repair gene RNA was found in 2-to 3-fold higher amounts in spermatogonia than in gonocytes. However, this was not possible to confirm at the protein level. Using immunocytochemistry, we found that gonocytes were more homogeneously stained for almost all proteins tested than were spermatogonia. The heterogeneity of DNA repair protein expression among spermatogonia was also found in the adult testis [19, [44] [45] [46] 59] . Interestingly, the very high expression of XRCC6 in gonocytes was similar to that found specifically in type A adult spermatogonia [46] . Moreover, Takubo et al. [45] have recently shown that ATM was phosphorylated at Ser1981/1987 in undifferentiated, but not in differentiated, spermatogonia of the adult testis [59] . They also found that ATM plays an essential role in mitotic germ cell maintenance by preventing the accumulation of DNA damage [59] . Therefore, the constitutive activation of ATM in neonatal gonocytes and some neonatal spermatogonia might have a similar function in the neonatal testis. We previously showed that high basal expression of c-H2AFX is also a characteristic of neonatal germ cells when compared with testicular somatic cells [32] . In the adult, however, c-H2AFX is weakly expressed in type A spermatogonia, but highly expressed in type B adult spermatogonia [44] . Interestingly, H2AFX has been implicated in the suppression of the error-prone singlestrand annealing mechanism of DSB repair [60] . Thus, constitutively high levels of c-H2AFX in neonatal germ cells may contribute to suppressing this potentially mutagenic pathway of DNA repair. Altogether, these data suggest that nonirradiated gonocytes and adult type A spermatogonia exhibit a similar expression pattern of some proteins related to DNA damage signaling and repair, but also show some RESPONSE OF NEONATAL MOUSE GERM CELLS TO RADIATION specificities. Nevertheless, we found no marked difference in the response of gonocytes and spermatogonia to radiationinduced foci for several proteins. Interestingly, most of the DNA damage response proteins that we investigated by immunofluorescence microscopy were present in higher amounts in both gonocytes and in most spermatogonia than in somatic cells. Higher levels of these proteins in gonocytes than in somatic cells might allow better sensing and/or signaling of DNA damage, rather than more efficient DNA repair [61, 62] . We found, however, that phospho-Ser1981-ATM, phospho-Thr6809PRKDCcs, and TRP53BP1 all formed foci in both germ and somatic cells within the first 5 min after irradiation, suggesting efficient detection of radiation-induced DSBs in both cell types, regardless of their basal DNA repair protein content. At 3 h after in vivo irradiation, lack of regulation of DNA damage response genes was found in both gonocytes and spermatogonia compared with nonirradiated controls. However, we cannot exclude that deregulation could have occurred at earlier time points after irradiation, such as was described for Atm [63] . Very few of the RNAs that we quantitated by PCR were up-regulated in either neonatal gonocytes or spermatogonia. Interestingly, Atr was specifically and strongly up-regulated in irradiated gonocytes. Unfortunately, we were not able to show any increase in the corresponding protein level within the first 9 h after irradiation (data not shown). These results, however, could be explained either by a rapid turnover of the protein in vivo, or the lack of sensitivity of the Western blot approach. Indeed, because ATR is involved in the repair of DSB, particularly during S and G2 phases [64, 65] , up-regulation of the gene might participate in the gonocyte response to radiation. At 1 dpp, only 20% of cells are in S phase; thus, we can suppose that the high up-regulation of Atr at the mRNA level in these cells could not be detected at the protein level, even using testicular cell preparations enriched in gonocytes. In other respects, several of the tested genes were down-regulated in neonatal spermatogonia. Downregulation of DNA repair genes might be important for regulating the radiation-induced death of neonatal germ cells, particularly in spermatogonia.
In conclusion, gonocytes are more sensitive to radiationinduced DSBs than are spermatogonia, which could be explained by activation of distinct cell cycle checkpoints and a more permissive G2/M checkpoint in gonocytes. Results suggest differences in kinetics of DNA repair, but the origin of this finding remains to be elucidated. Neonatal germ cells, which have high levels of DNA damage response proteins, are highly prone to death after irradiation. We propose that the high basal levels of these proteins contribute to protecting the integrity of the germ cell genome under physiological conditions. Upon exposure to genotoxic stress, however, these DNA damage response proteins may be involved in apoptosis regulation, as has been shown for BRCA1 in adult testis [66] . Better characterization of the components of the apoptotic machinery that are activated during radiation exposure, particularly in gonocytes, would help to identify potential targets to which components of the DNA damage response machinery might bind. This would provide a better understanding of the interplay between DNA repair, cell cycle checkpoint activation, and apoptosis in maintaining genomic integrity in the precursors of spermatogonial stem cells.
